Introduction {#s1}
============

Leptin, an adipocyte-derived hormone, affects glucose homeostasis in part by directly modulating pancreatic β-cell function ([@B1]--[@B3]). Systemic leptin infusion acutely decreases insulin secretion and impairs glucose tolerance in rodents ([@B4]). Loss of these suppressive actions of leptin in mice with selective absence of leptin receptors in the pancreas leads to fasting hyperinsulinemia and increased responsiveness to glucose- and incretin-stimulated insulin secretion ([@B5]--[@B7]). These findings have led some to speculate that the diminished responsiveness of pancreatic β-cells to the negative effects of leptin partly contributes to the hyperinsulinemia typically observed in obesity ([@B4],[@B7],[@B8]). However, whether leptin negatively affects β-cell function in humans is unclear.

Lipodystrophy, characterized by selective deficiency of adipose tissue, is a hypoleptinemic state associated with hyperinsulinemia, severe insulin resistance, glucose intolerance, and dyslipidemia ([@B1]). Leptin replacement in patients with lipodystrophy attenuates insulin resistance, hyperinsulinemia, and hyperglycemia ([@B1],[@B9],[@B10]). Although insulin secretion was not assessed in these studies, reductions in insulin levels (fasting and glucose induced) were attributed to improvements in insulin sensitivity ([@B11],[@B12]). A solitary study has reported the effects of leptin replacement on insulin secretion in a genetically leptin-deficient adult male ([@B13]). In this patient, insulin secretion, but not insulin sensitivity, increased the week after leptin replacement. Except for this single report, we are unaware of studies examining the short-term effects of leptin replacement on β-cell function. To that end, we report the early effects of short-term (16--20 weeks) metreleptin (an analog of human leptin) administration on β-cell function in patients with lipodystrophy.

Research Design and Methods {#s2}
===========================

Study Design and Study Subjects {#s3}
-------------------------------

The study protocol (initiated in July 2000) was approved by the institutional review board of the National Institute of Diabetes and Digestive and Kidney Diseases. Written informed consent was obtained from all subjects or their legal guardian, and assent was obtained from participants under 18 years of age. Patients were from the U.S. and a number of other countries in Europe, Asia, the Middle East, and South America. Study subjects reported here are from an open-label, prospective, currently ongoing study examining the long-term safety and clinical effects of metreleptin treatment in patients with congenital or acquired lipodystrophy ([@B9],[@B11],[@B12]). Patients with HIV-associated lipodystrophy were not studied in this protocol. The rationale, inclusion criteria, and study design have been described previously ([@B9],[@B11]). Inclusion criteria for leptin replacement included hypoleptinemia (\<12 ng/mL), metabolic abnormalities such as hypertriglyceridemia and/or lipoatrophic diabetes, and the ability to adhere to the leptin replacement protocol.

Metreleptin was provided by Amgen (Thousand Oaks, CA) initially and Amylin Pharmaceuticals (San Diego, CA) subsequently ([@B9],[@B11]). Leptin therapy was provided as a self-administered once- or twice-daily subcutaneous injection as previously described ([@B9],[@B11]). Patients were seen at the Clinical Research Center of the National Institutes of Health every 4--6 months for the first year and then every 6--12 months thereafter. Laboratory data were collected during each visit. The current study examined the early effects of leptin replacement on β-cell function derived from oral glucose tolerance test (OGTT) data. In this report, we include a subgroup of patients (*n* = 13) who were on stable doses of oral hypoglycemic agents prior to and at 16--20 weeks of leptin therapy. Patients on insulin therapy were excluded in this analysis.

Study Procedures {#s4}
----------------

OGTTs were performed at baseline and after 16--20 weeks of leptin administration. During each visit, after an overnight fast, patients underwent an OGTT with plasma sampling at baseline and 30, 60, 90, 120, and 180 min after glucose ingestion for the measurement of glucose, insulin, and C-peptide concentrations. All oral hypoglycemic agents were held on the day of the OGTT.

Measures of Insulin Secretion and Resistance {#s5}
--------------------------------------------

The β-cell model used in the current study, describing the relationship between insulin secretion and glucose concentration, has been described ([@B14]). Insulin secretory rates (ISRs) were calculated from deconvolution of the plasma C-peptide concentrations. The relationship between insulin secretion and plasma glucose concentrations is modeled as the sum of two components. The first component represents the dependence of insulin secretion on absolute glucose concentration at any time point during the OGTT and is characterized by a dose-response function relating these two variables. The average slope of the dose response is denoted as β-cell glucose sensitivity. The dose response is modulated by various factors (e.g., incretins, neurotransmitters, and degree and duration of hyperglycemia), which are collectively modeled as a "potentiation factor." The second component represents the dependence of insulin secretion on the rate of change of plasma glucose and depends on the first derivative of plasma glucose concentration against time and a parameter denoted as rate sensitivity. Consequently, this parameter reflects the changes in insulin secretion in response to rapid changes in glucose concentration.

Oral glucose insulin sensitivity (OGIS) and insulin sensitivity index (ISI) were used as surrogate measures of glucose insulin sensitivity/resistance ([@B14],[@B15]). OGIS was calculated from OGTT using the 2-h OGIS equation. This method provides an ISI that is an estimate of the glucose clearance during a euglycemic-hyperglycemic clamp and is expressed as milliliters per minute per square meter of body surface area ([@B14]). ISI (Matsuda) was calculated as previously described ([@B15]).

Statistical Analyses {#s6}
--------------------

After testing for normality, data were logarithm transformed where appropriate. Significance of changes in measures of β-cell function (postleptin minus baseline values) was calculated by one-way ANCOVA adjusted for age, value of the dependent variable at baseline, and changes in OGIS. *P* \< 0.05 was considered to represent statistical significance. Data are presented as means ± SD or median (interquartile range \[IQR\]). The statistical software JMP, Version 8.1 (SAS Institute, Inc., Cary, NC), was used for data analysis.

Results {#s7}
=======

Clinical Characteristics of Study Subjects {#s8}
------------------------------------------

Thirteen patients with lipodystrophy treated with leptin are included in this study (congenital generalized lipodystrophy, *n* = 5; acquired generalized lipodystrophy, *n* = 2; familial partial lipodystrophy, *n* = 5; acquired partial lipodystrophy, *n* = 1). The median baseline age was 15 years with a range of 8--54 years. Patients were on stable doses of metformin (*n* = 12) and/or thiazolidinedione (*n* = 3) prior to and at the end of 16--20 weeks of leptin therapy. Dyslipidemia was treated with stable doses of lipid-lowering agents (fenofibrate, *n* = 3; omega-3-acid ethyl esters, *n* = 1) as previously described ([@B9]). Prior to leptin therapy, median serum leptin levels (trough) were 1.3 ng/mL (IQR 3.3). Patients with partial lipodystrophy had higher levels of leptin compared with generalized lipodystrophy (mean ± SD 4.1 ± 1.2 vs. 0.7 ± 0.3, *P* = 0.002). All of our patients were diabetic with an average glycosylated hemoglobin level (A1C) of 7.2% with mean fasting plasma glucose levels \<6.6 mmol/L, suggesting that glycemic control was good prior to initiation of leptin. As previously reported, these patients had high levels of triglycerides and free fatty acids (FFAs) ([Table 1](#T1){ref-type="table"}), and various metabolic parameters were similar in partial and generalized lipodystrophy patients (data not shown).
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Leptin Replacement Therapy {#s9}
--------------------------

The initial dose of metreleptin was based on weight, sex, and age, and subsequent dose adjustments were based on individual metabolic responses of patients. The average daily dose of metreleptin at the end of 16--20 weeks was 4.19 ± 1.87 mg (mean ± SD). As expected, leptin levels increased significantly with therapy ([Table 1](#T1){ref-type="table"}).

Effects of Leptin Replacement on Metabolic Parameters, Insulin Sensitivity, and Insulin Secretion {#s10}
-------------------------------------------------------------------------------------------------

Leptin replacement was associated with a significant decrease in total cholesterol, LDL, triglyceride, and FFA levels with no change in HDL levels ([Table 1](#T1){ref-type="table"}). After leptin therapy, A1C levels were significantly lower, but fasting glucose and insulin and 2-h post-OGTT values were not different from baseline ([Table 1](#T1){ref-type="table"}). However, area under the curve for glucose (AUCg) during OGTT was lower after leptin therapy (1,816 ± 731 vs. 2,063 ± 598 mmol ⋅ L ⋅ 180 min, *P* = 0.02). Surrogate measures of insulin sensitivity, OGIS and ISI, were not significantly modulated, but tended to increase (∼25%) with leptin replacement ([Table 1](#T1){ref-type="table"}). These changes in insulin sensitivity and the lower glucose AUC partially explain the effects of leptin on A1C.

Changes in parameters of β-cell function after leptin replacement are shown in [Fig. 1](#F1){ref-type="fig"}. Mean basal insulin secretion rate prior to leptin initiation was 324 ± 153 pmol/m^2^/min (±SD), and basal insulin secretion rate adjusted for age and insulin sensitivity (OGIS) was not significantly different after leptin replacement (345 ± 254 pmol/m^2^/min, *P* = 0.10). Similarly, leptin administration had no significant effect on total insulin secretion (post vs. pre: 111 ± 42 vs. 170 ± 123 nmol/m^2^, *P* = 0.13). Model-derived β-cell insulin secretion and glucose dose responses obtained from OGTTs administered pre- and post-leptin therapy are shown in [Fig. 1*C*](#F1){ref-type="fig"}. The slopes of these curves represent the ability of the β-cell to respond to an increment in plasma glucose concentration termed glucose sensitivity. Leptin treatment had no significant effect on glucose sensitivity (post vs. pre): 65 (112) vs. 48 (167) pmol/min/m^2^/mM, *P* = 0.39. Likewise, rate sensitivity, a measure of the insulin secretory component that responds to rapid changes in plasma glucose concentrations, was also unaltered with treatment: 206 (1,449) vs. 1,215 (6,915) pmol/min/m^2^/mM, *P* = 0.13. Age, duration of diabetes, race, sex, and type of lipodystrophy may potentially modify the effects of leptin. At baseline, age was negatively related to basal ISR (*r* = −0.72, *P* = 0.005) and total ISR (*r* = −0.47, *P* = 0.09). Changes in measures of β-cell function (post-leptin minus baseline values) were adjusted for age. The median duration of diabetes in this study was 9.5 years (range 4--29). However, duration of diabetes was unrelated to basal ISR (*r* = −0.14, *P* = 0.68) or total ISR (*r* = −0.41, *P* = 0.18), and the significance of changes in measures of β-cell function after leptin therapy remained unaltered after adjusting for duration of diabetes. The effect of leptin treatment on parameters of β-cell function was not significantly different between partial and generalized lipodystrophy patients (*P*~group\ ×\ time\ interaction~ \> 0.5). Thus, these results suggest that leptin replacement in the short-term had no significant effect on insulin secretion or β-cell glucose responsiveness.

![Insulin secretion and β-cell glucose sensitivity in patients with lipodystrophy before and after leptin replacement. Fasting ISR (*A*), total insulin output after an oral glucose load (*B*), and model-derived dose response between ISR and plasma glucose concentration (*C*). Significance of changes in measures of β-cell function (post-leptin minus baseline values) in panels *A* and *B* was calculated by one-way ANCOVA adjusted for age, value of the dependent variable at baseline, and changes in OGIS. The ISRs in panel *C* were compared using a two-way ANOVA. NS, nonsignificant. ○, congenital generalized lipodystrophy; ◇, acquired generalized lipodystrophy; ●, familial partial lipodystrophy; ♦, acquired partial lipodystrophy.](1101fig1){#F1}

Effects of Leptin Replacement on Insulin Clearance {#s11}
--------------------------------------------------

Basal insulin clearance (fasting ISRs/fasting insulin) and OGTT-insulin clearance (incremental AUCs of ISRs/incremental AUCs of insulin concentrations) rates were measured prior to and after leptin therapy. Before leptin therapy, basal insulin clearance rates were similar in partial (1.99 ± 0.76 L/min/m^2^) and generalized (1.66 ± 0.33 L/min/m^2^) lipodystrophy patients. However, OGTT-insulin clearance rates were significantly higher in patients with partial lipodystrophy (1.25 ± 0.33 vs. 0.80 ± 0.25 L/min/m^2^, *P* = 0.02). In the overall cohort, leptin treatment had no significant effect on basal (post vs. pre: 1.97 ± 1.04 vs. 1.81 ± 0.57 L/min/m^2^, *P* = 0.62) or OGTT-insulin clearance (1.12 ± 0.39 vs. 1.00 ± 0.36 L/min/m^2^, *P* = 0.39). The lack of leptin effects on insulin clearance was similar in partial and generalized lipodystrophy patients.

Conclusions {#s12}
===========

In the current study, leptin replacement therapy had no significant impact on β-cell function in patients with lipodystrophy treated for 16--20 weeks. The effect of leptin on human β-cell function and insulin secretion has not been thoroughly investigated. In that context, our study results suggest that, contrary to the suppressive effects of leptin on insulin secretion consistently observed in animal and in vitro studies, leptin replacement does not attenuate the increased insulin secretion observed in these patients.

Leptin replacement in lipodystrophy patients is associated with reductions in fasting insulin levels and after an oral glucose load after 12 months ([@B11],[@B12]). The reduction in insulin levels was attributed to improvements in glycemia and insulin sensitivity. In contrast, in another study, mean serum levels of insulin after an OGTT remained unaltered in patients with congenital generalized lipodystrophy (*n* = 5) and increased in acquired generalized lipodystrophy (*n* = 2) despite improvements in insulin sensitivity and glycemia after 4 months of leptin replacement ([@B16]). Insulin secretion in one genetically leptin-deficient adult male was deduced by deconvolution of C-peptide levels obtained during a meal ([@B13]). In the first week after leptin replacement, the amplitude of C-peptide secretion was higher. However, hepatic extraction of insulin was increased simultaneously, resulting in lower peripheral insulin levels (by ∼20%). After 18 and 24 months of leptin therapy, insulin secretion was reduced along with improvements in insulin sensitivity.

We evaluated β-cell function by using a mathematical model that describes the dynamic relationship between plasma glucose concentration and β-cell insulin secretion. In order to account for changes in insulin sensitivity, we used surrogate indices derived from an OGTT, OGIS and ISI (Matsuda). Patients in this study were hypoleptinemic and severely insulin resistant with hyperinsulinemia ([Table 1](#T1){ref-type="table"}). All of our patients were diabetic and were on stable doses of insulin sensitizers. Fasting ISRs in these patients were approximately twofold higher than those reported in morbidly obese, insulin-resistant, type 2 diabetic individuals (∼140 pmol/m^2^/min) ([@B17]). This degree of hyperinsulinemia afforded us the opportunity to evaluate the potential inhibitory effects of leptin on insulin secretion. In fact, our sample size (*n* = 13) was sufficient to provide 80% power with α = 0.05 to detect a 20% decrease in fasting ISR. Nonetheless, we did not observe any significant effects of leptin replacement on fasting insulin secretion or total insulin output during an OGTT ([Fig. 1](#F1){ref-type="fig"}). Glucose sensitivity measures the ability of the β-cell to respond to a glycemic stimulus and is a determinant of insulin secretion ([@B18]). β-Cell glucose sensitivity is impaired in individuals with diabetes and glucose intolerance ([@B17],[@B18]). In our patients, median values of β-cell glucose sensitivity are in the range typically observed in diabetic individuals ([@B17],[@B18]). Even though A1C and FFA levels were significantly better after leptin treatment ([Table 1](#T1){ref-type="table"}), glucose sensitivity was not significantly improved ([Fig. 1](#F1){ref-type="fig"}).

Our results are inconsistent with findings from studies in cell culture and animals. Leptin receptors are expressed in human islets and mediate the inhibitory actions of leptin on insulin secretion in β-cells in vitro ([@B4],[@B8]). Leptin hyperpolarizes β-cells by opening K~ATP~ channels, reduces intracellular calcium levels, and accelerates the hydrolysis of cAMP to attenuate glucose- and agonist-induced insulin secretion ([@B8],[@B19]). Systemic infusion of leptin in normal or leptin-deficient hyperinsulinemic *ob*/*ob* mice, but not leptin receptor--deficient *db*/*db* mice, acutely (within minutes) decreases plasma insulin levels ([@B4]). In *ob*/*ob* mice, leptin administration for 24 h inhibits insulin gene transcription in pancreatic islets ([@B20]). These direct insulin-suppressing effects were also observed during short-term (4-week) leptin replacement in *ob*/*ob* mice prior to any significant changes in body weight or food intake ([@B21]). Consistent with these findings, selective knockout of leptin receptors in the pancreas of mice leads to hyperinsulinemia ([@B5]--[@B7]).

The reasons for the discrepancy in the results from our study and leptin-deficient rodent models are unclear. It is possible that the hypoleptinemic state and the accompanying significant elevations in FFA and ectopic lipid deposition may have altered the insulin secretory dynamics in human β-cells differently than in rodents. In fact, in obese rodents (due to leptin deficiency or diet induced), leptin treatment reduces pancreatic fat accumulation ([@B22],[@B23]). We have previously shown that leptin replacement for 16--20 weeks decreases hepatic steatosis in individuals with lipodystrophy ([@B24],[@B25]). Leptin, similar to its effects on hepatic steatosis, may also decrease pancreatic steatosis in humans. However, we are not aware of any human studies that have examined the effects of leptin on pancreatic fat content in patients with non-HIV lipodystrophy. Although hepatic steatosis is frequently observed in individuals with lipodystrophy, postmortem studies in few patients do not report pancreatic steatosis ([@B26]--[@B29]). Although these findings need further confirmation, it appears that islet amyloidosis may be the characteristic pathologic feature in these patients ([@B26]--[@B28]). Whether leptin modulates islet amyloidosis in humans is also not known. Thus, species-dependent and tissue-specific antisteatotic effects of leptin may explain the discrepancy in the effects of leptin in rodents and humans.

Leptin inhibits insulin secretion from human islets in vitro ([@B4],[@B8]); however, studies examining the acute effects of agonist and/or glucose-stimulated insulin secretion in healthy individuals are necessary to rule out species-dependent in vivo effects of leptin. We also did not observe any significant improvements in insulin sensitivity as measured by OGIS and ISI after leptin replacement ([Table 1](#T1){ref-type="table"}). Although there was a trend toward higher OGIS and ISI after treatment (*P* = 0.09), it is possible that a more sensitive method, such as the euglycemic-hyperinsulinemic clamp, would have detected improvements in insulin sensitivity as reported in prior studies ([@B1],[@B24],[@B30]). One of the early effects of leptin treatment is an increase in insulin clearance ([@B13]). However, 16--20 weeks of leptin replacement did not modulate insulin clearance in this study.

In this study, we chose to report the early effects of leptin replacement on β-cell function. We have previously reported on the long-term effects of leptin therapy ([@B9]--[@B11],[@B25]). Leptin therapy decreases fasting glucose levels, improves glucose tolerance and insulin sensitivity, reduces A1C, lowers triglycerides, and attenuates steatohepatitis in lipodystrophy ([@B9]--[@B11],[@B25]). Improvements in insulin sensitivity and changes in ectopic lipid accumulation have been suggested to mediate these effects of leptin. However, a recent study suggests that modest glycemic benefits of long-term leptin therapy extend to patients with insulin receptor mutations ([@B31]). Considering that patients with insulin receptor mutations have a fixed defect in insulin sensitivity and do not manifest ectopic lipid accumulation, leptin favorably affects glucose metabolism through other unidentified mechanisms. Future studies examining the short- and long-term effects on β-cell function and pancreatic fat content are warranted to confirm the long-term effects of leptin on pancreatic function.

Our study has several limitations. First, we derived measures of β-cell function by mathematically modeling plasma glucose and C-peptide levels measured during OGTT and used surrogate indices (OGIS and ISI) to assess insulin sensitivity. Although the model is widely used, our findings need to be confirmed using gold-standard techniques such as euglycemic-hyperinsulinemic and hyperglycemic clamp techniques. These techniques will also provide additional information regarding the different phases of insulin secretion. Whether leptin has phase-specific effects on insulin secretion is not known. Nonetheless, the effects of leptin on β-cell glucose sensitivity to first-phase insulin response cannot be adequately assessed during an OGTT. The surrogate measures of insulin sensitivity tended to be significant after leptin therapy. It is likely that glucose clamp technique would have had sufficient sensitivity to detect significant changes in insulin sensitivity after leptin therapy. Second, our study is open-label and nonrandomized and lacks a control treatment arm. Third, because of our study design, we did not examine the initial effects of leptin therapy prior to 16 weeks. Finally, the lack of leptin effects on β-cell function in this group of hypoleptinemic individuals cannot be generalized to normal healthy individuals.

In summary, we report that short-term leptin replacement did not significantly modulate insulin secretion and β-cell function in patients with lipodystrophy. Our study results do not support the notion that hyperinsulinemia in leptin-deficient or leptin-resistant states is partly due to the lack of tonic and direct insulin-suppressive effects of leptin on the pancreas. It is likely that improvements in fasting hyperinsulinemia and β-cell function after prolonged leptin therapy are secondary to changes in insulin sensitivity, glycemia, and dyslipidemia. Further studies in healthy individuals are necessary to confirm whether leptin inhibits insulin secretion.
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